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Introduction
The goal of most university courses is for students to not only learn factual knowledge but to acquire conceptual understanding of the topics taught. Consequently, a course's assessment should at least in part evaluate this conceptual understanding.
1 To achieve this, there are multiple assessment methods that could be used, as for example essays or oral exams. However, many of these methods require a very high time investment on the part of the instructor, which is, in many cases, simply not possible. For large classes, multiple-choice tests are among the most efficient types of assessment. Although much care has to be taken in their development, machine-based scoring of multiple-choice tests can significantly reduce an instructor's work load, freeing up time for more face to face interaction with students. However, one main point of criticism of multiple-choice tests is that they only test factual knowledge and not conceptual understanding. 2, 3 Ideally, tests for conceptual understanding and multiple-choice questions could be brought together. One possible solution is the use of two-tier multiple-choice questions, where the first tier requires a fact-based response and the second tier a reasoning for that response. This type of questioning was probably first used by Tobin and Capie in 1981 in a test on logical thinking. 4 In 1985 Treagust presented an approach for the design of such questions for standardized tests on student misconceptions. 5 Since then, this question format has been used in several concept inventories and similar tests. 6, 7, 8 Instead of standardized tests, we started using such questions in exams. The results are very promising. Not only do these questions improve the quality of the exams by requiring a higher level of thinking, they also give us access to a large pool of data about the conceptual understanding of students at our institution, and thus allow us to monitor the prevalence of student misconceptions. This paper aims to promote this type of two-tier multiple-choice questions, especially for exams, by giving examples and guidelines for their development. We will also show some properties (difficulty and discrimination) of eight sample questions and try to gauge the influence of the second tier statistically. 
t).
Two sinusoidal signals have the same phase, if (choosing the respective sign) they reach their maximum at the same time.
The values for R, L, C, and ω are neither zero nor infinity, but otherwise unknown.
Please select for each question the correct answer as well as the corresponding reason. 2 Description and design of our two-tier multiple-choice questions 2.1 Basic structure of our two-tier multiple-choice questions There are several different ways to formulate two-tier multiple-choice questions. The type of question used by our group is very similar to that used by e. g. Treagust 5 , Lawson 6 , and Chandrasegaran 7 . However, their questions were used in standardized tests and could be improved iteratively after being tested on students, while we use our questions in exams, where we do not have the possibility to test them on students beforehand. While the types of questions are very similar, our reasoning and design approach differs because of the different usage.
In the following, we are going to describe a specific type of two-tier question that we have found useful in the context of examinations. This description will be illustrated by the sample question presented in Figure 1 . Further similar questions can be found at the end of the article in Figures 3,  4 , and 5. In designing our questions we follow four central principles:
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The first tier (item) asks students to apply their conceptual understanding to make a prediction about a specific situation. Thus, we do not ask students to recite a law or rule but rather to apply a law or rule to a specific situation. The goal of the exam question shown in Figure 1 was to assess if the students knew that the voltages of circuit elements connected in parallel are equal, and thus in phase. While we could have asked for this directly, students were asked the question shown in Figure 1 , which requires them to apply their knowledge. This has two positive effects: On the one hand, we do not only expect students to be able to recite the law in question, but rather to be able to apply it. Thus, it is only logical to also test for this. On the other hand, this makes it easy to generate a large amount of different questions about the same topic without the possibility for students to memorize the correct answer. One can simply exchange the situation the students have to make a prediction about.
In the second tier (item), students have to choose one of several statements to justify their prediction made in the first tier. Ideally, the items in this second tier, i. e. the reasons offered to the students, are simple, factual statements that are either true or are believed to be true by many students. In Figure 1 , reasons a and d are true statements. From informal classroom observations we knew that some students have an incorrect understanding of series connections, which would lead them select reason b. From previous research we also knew that a large fraction of students has an incorrect understanding of phase relations at reactive circuit elements. 9, 10 This prompted us to add reason c. When grading, only a question where both, the first and the second tier, are marked correctly will be counted as correct. In our opinion, this combination of two items allows to better test students' conceptual understanding than with just the first item. This will be investigated in the following sections.
Ideally, there is no obvious relation between the items in both tiers, i. e. for each reason (second item) there is not just one answer (first item) it could apply to. This becomes easier to do if the reasons are factual statements. In Figure 1 , reasons a, b, and d are simple statements about the topology of the circuit. Reason c is an oversimplified statement about the behavior of one of the circuit elements in question. There are two benefits from this: Students cannot simply select one reason or answer they know is correct and then select the respective item linked to it. While this increases the difficulty of the question and requires higher level thinking, it also increases the number of possible answers to the question, which is ideally the product of the number of answers and the number of reasons.
Distractors should be based on known student misconceptions. This rule is true for all multiplechoice questions. 5 Using known student misconceptions usually increases the difficulty of the question, but also increases the value of the answers for the teacher. It is easier to select the correct answer if all other choices are unattractive. However, if a student decides not to select a common misconception, one can be quite certain he does not hold it. Additionally, the percentage of students that have a certain misconception is usually surprisingly constant, at least among similar populations. This allows to predict the difficulty of a question, which is especially helpful when designing exams where it is usually impossible to test the questions beforehand. An example for this can be seen in Tables 1 and 2 , which we will discuss in more detail later.
Tips for the design of such questions
There are many guides to the design of multiple-choice questions. 11, 12, 2, 3 While much of the advice given in these is also true for two-tier questions, some aspects are different. In the following, we will point out the most important aspects for designing two-tier multiple-choice questions, focusing especially on the differences to single-tier questions.
Ideally, 2 answers and 4 to 5 reasons should be provided. For single-tier multiple-choice questions, 3 to 5 possible answers are suggested. 11, 3 If a two-tier question has n a answers and n r reasons for students to select from, there are n a · n r possible combinations -given there are no obvious connections between answers and reasons. Thus, if one wanted to have 3 to 5 possible answers in total, each two-tier question had to have two answers and two reasons. Neither this, nor the other extreme of 5 answers and 5 reasons seems like a good solution to us. We prefer to give students four to five reasons to choose from. The number of answers to choose from should be lower. For each answer, there should be at least two reasons "that make sense". If there is a strong relation between answers and reasons, providing only two answers for students to choose from would be the logical consequence. The format of 2 answers and 4 to 5 reasons is also used by Treagust.
5
Ideas for reasons can be generated from previous open-ended questions or literature. To generate statements that contain the possible reasons for students to select, Treagust first asked only single tier multiple-choice questions but required students to give a written reasoning for each answer. 5 While this approach is very useful for standardized tests, the first tiers of exam questions can hardly be given to students before their use in an exam. However, different questions about the same concepts but with different problem set-ups can be used. Alternatively, one can browse through the abundance of papers on known student misconceptions.
Reasons can contradict each other. When writing one-tier multiple-choice questions with three or more answers, one should not provide two answers that are the negation of each other. This allows a student to exclude all but these two answers by logic. Consider the question "Which of the following properties should one-tier multiple-choice questions fulfill?". If, among the answers there are the choices "Two answers may be the negation of each other." and "No two answers must be the negation of each other." one of these two answers has to be true, making it unnecessary to consider any other possible answers. However, for the reasons of a two-tier multiple-choice question, this is different. If two reasons are the negation of each other, still neither could be the correct reason as they do not explain the correct answer.
Answers and reasonings that are too precise should be avoided. Many of the known student misconceptions sound absurd if they are formulated with precision, for example because they arise from students not differentiating between two related concepts like velocity and acceleration. Because of this, we often formulate the incorrect reasons quite vaguely. If the correct reason was formulated with precision, it would in many cases be the statement with the highest number of words. In these cases, a fine balance has to be found between not being obvious by too much precision, but still being precise enough so the reason is still correct.
Questions that require reasoning chains should be avoided. We found that it is difficult to ask two-tier multiple-choice questions with reasoning chains, i. e. where the reason consists of two or three statements that build upon each other or where several conditions have to be Page 26.1179.5
example, the logical consistency of written material, the validity of experimental procedures or interpretation of data' (Carneson et al., n.d., Appendix C). An example question is illustrated in Figure 2 . Like traditional MCQs, ARQs present students with a number of possible solutions. In contrast to traditional MCQs, however, ARQs also include a true/false element (CAA Centre, 2000). Specifically, each item consists of two statements, an assertion and a reason, that are linked by the word 'because'. The student then selects from a multiple-choice legend after proceeding through a number of steps. First, he or she must determine whether the 'assertion' is true or false, and then whether the 'reason' is true or false. If one, or both, of the statements is deemed false, then the answer will be alternative (c), (d), or (e) accordingly. If, on the other hand, both statements are deemed true, a third step is required whereby the respondent must determine whether the second statement provides an accurate explanation for the first. Traditional MCQs usually test only one issue/concept. ARQs, on the other hand, test two per question (the assertion and the reason statements) plus the validity of the 'because' statement in the event assertion and reason are both correct statements. On the basis that judging the correctness of two statements must be harder than judging the correctness of one, it would follow that ARQs present more of an intellectual challenge than traditional MCQs. One might put forward the case that because options (a) and (b) require a third step of reasoning (only two steps being required if the learner correctly identifies a false statement), questions with correct answers of (c), (d) or (e) may be less effective in terms of learning outcomes. That is, assuming all answers (a)-(e) occur in roughly equal proportions in an exam, the 'because' statement would only be tested in 40% of the questions, the depth of learning being relatively less the remaining 60% of the time. However, this is hardly a reason for not using ARQs, as a two-step question is still preferable to a single-step traditional
Assertion Reason
In a small open economy, if the prevailing world price of a good is lower than the domestic price, the quantity supplied by the domestic producer will be greater than the domestic quantity demanded, increasing domestic producer surplus. Figure 2 . With these questions, two statements are given. One concerning a specific situation, and a general one. For both statements, students have to decide individually if they are true. If a student decides that both statements are true, he also has to indicate if the general statement is the reason for the specific one. This format of two-tier question allows to ask more complex questions, as the decisions students have to make are more limited. But as Williams points out, long statements require a high level of reading comprehension. 13 3 Analysis of the sample questions Standardized tests and concept inventories usually are tested and evaluated extensively before their actual use as a measuring instrument. This is done by analyzing the results of test cohorts of students. However, exams can usually not be shown to students before their administration. Thus, except for their face validity, exams can not be analyzed beforehand. However, after its administration, the results of an exam can be used to analyze it. From this analysis, instructors can at least judge the quality of their questions afterwards and with this newly gained knowledge hopefully generate better questions in the following year.
The questions presented in Figures 1 and 3 were given to 488 students in an exam in 2014. These students were first semester mechanical engineering and naval architecture students as well as third semester logistics and process engineering students who were enrolled in an introductory electrical engineering course that covers the basics of direct and alternating current circuit analPage 26.1179.6 ysis and gives an overview of three-phase current systems. The course is mostly taught in a traditional manner with 90 minutes of lecture and 45 minutes of recitation section each week. The students' answers and reasons to these questions are presented in Table 1 .
In 2015, the exam of the same course contained the questions shown in Figures 4 and 5 . Due to changes in the universities curriculum, the course was now only attended by the logistics and process engineering students, and thus only 170 individuals participated in the exam. Except for this, no changes were made to the course. The students answers and reasons are given in Table 2 .
In a previous section, we suggested that the combination of both tiers, i. e. asking for an answer and a reason for that answer, allows to better test for conceptual understanding than when just using the first tier. To examine this suggestion, we will analyze students answers to these questions two-fold. Firstly, we will judge the distribution of answers and reasons selected by the students. Secondly, we will analyze the influence of the second tier on the questions difficulty and discrimination.
Distribution of answers
The 2014 exam had 15 answer/reason combinations for each question, resulting in an guessing probability of 6. 
Exercise 1 (8 points)
The batteries 1 and 2 in the circuit at right are identical and can be treated as ideal voltages sources. The long line indicates the positive terminal of the respective battery. All four bulbs are identical.
Question 1 (2 points, if both items are correct)
Switch S is closed. in a guessing probability of 5.0 %. To improve the readability of Tables 1 and 2 , values below guessing probability are printed in gray.
For most of the questions, only 2 or 3 answer/reason combinations had percentages above guessing probability. Each correct answer was selected by the majority of students with at least 45 % making that choice.
The questions in the 2014 exam were designed with a specific common misconception in mind. Page 26.1179.10 At reactive circuit elements, there is a phase shift between voltage and current. While this applies to the voltages across an element and the current though that element, many students misunderstand this rule and think there is a phase shift between the current through the element and the voltage across the circuit's voltage source, or vice versa. 9 Students who have this misconception would probably select the answer/reason combination B/c in questions 1 and 2 and A/b in Question 3. These answer/reason combinations in questions 1, 2, and 3 were selected by about 15 % of the students, and the second most common answer/reason combinations for all three questions. Only in Question 3 there is one other combination above guessing probability. From this, we can conclude that the other answer/reason combination in these three questions -that were rather made up and not based on previous research -were not attractive to students. This is different for Question 4, which does not test for the same misconception. None of the reasons of Question 4 were based on known misconceptions.
The questions in the 2015 exam were not as much focused on a single misconception, but rather to monitor students responses to the five-bulbs-test 14 . They were intentionally similar to questions asked in previous exams. The four answering options were the same for all four questions. While this is more then we recommend at the beginning of the paper, this allowed us to have a consistent structure for the answers.
Question 1 was to test if students understood that two bulbs in series are equally bright, because of the current through them being the same. The common misconception here is that the second Page 26.1179.11
bulb is less bright as either current, voltage or potential is used up. However, the vast majority of students selected the correct answer/reason combination, as we expected based on answers to similar questions in previous years. Question 2 tested if students were able to correctly apply Kirchhoffs' Current Law. Reasons b, c and d were given quite often in open ended tests. As we expected, these were selected by 9 %, 9 %, and 6 % of the students, respectively. Question 3 tested if students were able to identify and correctly describe a short-circuited battery. Reason b was observed quite often in free response questions, while the other reasons were made up. However, the most common incorrect answer/reason combinations were not the expected one. Question 4 was designed to test students' understanding of the voltage in branches with open switches. The reasons were based on informal observation. We did not expect a particular distribution of answers.
Description of different measures for multiple-choice questions
To analyze the influence of the second tier on the questions, we will take a closer look at the difficulty and discrimination of the eight sample questions shown in Figures 1, 3, 4 , and 5.
The difficulty index p of a question is simply the fraction of students that answered it correctly. As Aubrecht and Aubrecht note, the ideal difficulty index p ideal of a multiple-choice question is not 0.5, but rather the value midway between the probability to guess the answer and 1, the difficulty if everyone answered correctly. A p near p ideal maximizes the possible spread of scores in the whole test.
2
A second important property of an exam question is its discrimination. If a question has a high discrimination, those students that perform well in the whole test also have the tendency to correctly answer that question. We use two different measures for discrimination: the discrimination index D and the correlation coefficient, calculated as a point biserial correlation coefficient ρ bis . Both measures are numbers between −1 and 1, with larger values being preferable. The points students received for answering a question correctly was not the same for each question in the exam. For the calculations in this paper, we only considered if or how many questions a student answered correctly, i. e. we ignored the weighting caused by the different number of points per question.
To calculate the discrimination index, two subgroups of students are selected: the group of the 27 % highest scoring students in the exam, called group H, and group of the 27 % lowest scoring students, called group L. The discrimination index of a question is
with p H denoting the percentage of students from group H that answered the question right, and p L denoting the percentage of students from group L that answered the question right. 15 Note that while we decided to use the de-facto standard group-size of 27 %, proposed by Kelley 16 , there are other proposals for the size of the groups. 15 While there is no definite standard on which values for D indicate a good question, the consensus seems to be that questions with a D < 0.2 should be reworked and questions with D > 0.4 are rather good. 15 Alternatively, the point biserial correlation coefficient, a correlation coefficient between the question and the whole exam, can be calculated as
with µ 1 denoting the mean test score for those students that answered the question correctly, µ denoting the mean test score for all students, σ denoting the test's standard deviation, and p denoting the difficulty of the question. 15 Values of ρ bis should be grater than 0.20. Table 3 gives an overview of the statistical properties of all eight sample questions. All measures are given two times: once considering only the first tier (the answer but not the reason) of each question, and again for when considering both tiers (the answer and the reason). This allows us to estimate the influence of the second tier. It has to be noted, though, that this comparison is not ideal, as we will simply ignore the reasons the students selected, even though they did see them and were possibly influenced by this.
As can be seen in Table 3 , the discrimination index of all four questions from the 2014 exam is well above 0.4, even if only the first tier is considered. For one of the four questions the discrimination index decreases slightly, for the other three, it increases slightly, resulting in a mean increase of +0.03. The change of the correlation coefficient is even less strong. For two questions it rises, for two it falls slightly, evening out to a mean change of ±0.00.
The questions in the 2015 exam are a bit more diverse. Question 1 has a discrimination index that is close to 0. This low discrimination index is to be expected for a question with a difficulty index of above 90 %. Even when both tiers are evaluated, the question still has such a low discrimination index that it would not be suitable for a concept inventory 15 . However, this question was the first of the whole exam and included as a warm-up question.
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Questions 2 through 4 from the 2015 exam all show an increase in the discrimination index and the correlation coefficient when the second tier is evaluated. While the increase for Question 3 is similar to that observed in the 2014 exam, questions 2 and 4 show more dramatic increases of both values, together with strong decreases of the difficulty index.
As all students who selected a correct answer and reason also selected the correct answer, the difficulty index can only decrease when the second tier is evaluated. For a question's discrimination index and/or correlation index to change, the number of correct answers has to change when the second tier is evaluated. Thus, for all questions which have a large increase of the discrimination index, the difficulty index decreased. The opposite, though, is not true. Not all questions with a strong change in the difficulty index also have a strong change of the discrimination index.
Summary and discussion
Although the creation of two-tier questions is more difficult and time consuming than the design of single-tier questions, we think it is well worth the effort. The stronger alignment between what is tested in an exam and what students are supposed to learn, as well as the opportunity to monitor students' conceptual understanding and the frequency of common misconceptions are both important to us and our work.
Although the addition of the second tier did not always increase the discrimination index or correlation coefficient of a question, it did never reduce it by much. Thus, while it might not always be beneficial in increasing the discrimination, it does so sometimes and at the same time increases our insight into students beliefs.
However, it might be impossible to create exams that only use this type of question. In the 2014 exam, for example, we were not able to devise a question that asked about the voltage across the open switch in Question 4 in Figure 5 . On the one hand, we did not find a correct reason that was still general enough to not be obviously the correct one, while on the other hand, the distractors we wanted to use were too similar to allow an useful analysis.
Additionally, it might be interesting to investigate student's opinions on this type of questions, especially regarding their perceived difficulty. A comparison study with a control group would also be a good way to further gain insight into this type of questions. As we used our questions in exams it was not possible for us to do this kind of research while not interfering with the exam itself.
